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Absorbing thin filrns can be characterized by a complex refractive index ¡ = n~ -- ik 1. 
The complex refractive index raises several experimental and computational problems: the 
determination of the extinction coefficient k~ requires a further, independent parameter, and 
a furthr independent equation. For the determination of the complex refractive index and 
film thickness (d) on the systems Au]Si, Al/Si, NiOq and thin films of Au, Al and NiO, re- 
spectively - the reflectance R was applied as new parameter. The dependence of nt and k t on d 
was studied using an idealized anda realistic layer model. 

1. In t roduc t ion  

The i e f i ac t ive  index and thickness  of  non-absorb ing  th in  fi lms can be 
de te rmined  ve ry  prac t ica l ly  b y  e l l ipsometry .  Convent ional  el]ipsometric 
measu remen t s  furnish the  relat ive changes of ~v (ampl i tude  rat io)  and / !  (phase). 
Inser t ing  t h e m  into the  f u n d a m e n t a l  equat ions  of e l l ipsometry,  n 1 and d can 

be de termined.  
Absorbing th in  f i lms raise a new problem.  The eomplex  ref rac t ive  index 

requires  the de te rmina t ion  of a new unknown  q u a n t i t y  k 1. This can be aehieved 

in var ious  ways :  
1. To de te rmine  every  p a r a m e t e r  mere ly  b y  e l l ipsometry  mak ing  the 

measu remen t s  wi th  more angles of  ineidence, subs t ra tes ,  amb ien t  medium,  
of s tudy ing  f i lm samples  differing in thickness .  

2. To combine  e l l ipsometry  wi th  o ther  methods ,  for de te rmin ing  one 
of the  p a r a m e t e r s  (ni, k 1 or d) wi th  ano the r  (external)  measu remen t ,  e .g .  
in te r fe romet ry ,  cou lomet ry ,  ra te  meter ,  etc. 

The c o m m o n  d i f f i cuhy  of the  methods  lies in the sophist icated,  long, 
t i resome measuremen t s .  The methods  are des t ruc t ive  and the resuhs  ate  not  
unambiguous .  A simple,  unambiguous  solution of the p rob lem was found by  
app ly ing  the  PAIK--BOCKalS (PB) m e t h o d  [1]. B y  this me thod ,  a usual,  single 
el l ipsometric  m e a s u r e m e n t  provides ¡ 1 and d s imuhaneous ly .  This is possible, 
b y  choosing the  ref lec tance  R a s  th i rd ,  independen t  pa r ame te r ,  beside ~ and 
d .  R can be de te rmined  with the same m e a s u r e m e n t  b y  means  of the ellip- 
someter .  The two f u n d a m e n t a l  equat ions  of  e l l ipsometry  are to be comple ted  

Acta Physica Academiae Scientiarum Hungaricae 49, 1980 



160 B. szOcs ~t al. 

b y  a third independent  equat ion of reflectance.  This experimental  and eva- 
luat ing method is called RPD,  i. e. "reflectance-psi-delta" method.  

The fundamenta l  equat ion of el l ipsometry is: 

t g ~  �9 e i z -  I~v] ei(~p-~~), (1) 
{LI 

where F n and ~p, respectively,  are the normal  and parallel generalized Fresnel 
reflection coefficients of polarized light, 6~ and Je' respectively,  denote the  
phase shifts of the components .  

Separating the real and imaginary parts  of Eq. (1) gives: 

tg yJ = f~(n~, kl d), (2) 

= f~(n~, k~, d). (3) 

A third independent  equat ion would be given b y  Fp or rn, however  in 
practice it is more advantageous  to use their resultant ,  the reflectanee iR. 
I ts  equat ion is [1], [2], [3], [41 

R = [~l 2 = IFp{ 2 sin 2 ~ + q cos 2 ~,  (4) 

denoting b y  ~ the azimuth of incident light. 

n = A ( n l ,  kl, d). (5) 
For  ~ = ~r/4 

R = - ~  1 ([~~l 2 + I~nt 2) . (6) 

By measuring only the relative changes of R instead of its absolute value  
the  disturbing effects of the optical sys tem can be eliminated. 

The reflectance can be easily determined b y  intensi ty  measurement .  
Since 

Id = KI i  {FI 2, (7) 

where Id is the in tensi ty  of light reaching the detector,  li is the in tensi ty  of 
light incident on the sample and K is a constant  depending on the optical 
sys tem 

I d x - -  Ido __ JI  __26]~{__ 21~x{--1~0] (8) 

2Id0 (9) 
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denot ing by  Ido the  in tens i ty  of l ight ref lected b y  the clean subs t ra te ,  b y  Idx 
the in tens i ty  of l ight ref lected by  the  thin f i lm covered substra te ,  b y  F e the 
reflect ion coefficient  of  the  clean subs t ra te ,  b y  rx the ref lect ion coefficient of 
the  thin fi lm covered substra te  and b y  ~I the in tens i ty  change due to  the 

covering film. 
The in tens i ty  was measured wi th  the analyzer  posit ion tu rned  b y  ~t/2 

with respect  to  the  ext inct ion position. 
Measurements  were carried ou t  b y  a usual  manual ly  driven el l ipsometer  

set up, operat ing wi th  the Archer method.  

2. Study of  stratified planar structures with  ah idealized and 
a realistic mode l  

During the prepara t ion  and format ion  of thin films on substrates ,  con- 
siderable deviat ions m a y  occur be tween the optical  cons tan t  of ideal  film 
subst ra te  (Fig. 1) and real oxide f i lm/f i lm/interface/substra te  (Fig. 2) systems,  
due to oxidat ion of the  incorporat ion of  contaminants .  

Thus,  in pract ice a real  sys tem conta ining surface and interface layers 
forms a muh i l aye r  s t ructure .  The optical  parameters  of  mul t i layer  systems 
can be calculated by  the mat r ix  method.  

The effect of  surface and interface layers on the optical  parameters  
have been computed  with a model, based on the mat r ix  method.  

no 

¡ 
~ / / / / / / / / / / / / / / /  

air 

film 

¡ substrate 

Fig, 1. Idealized (3 component) system 

n o air n O air 

¡ dl Ha0 ¡ dl Al203 

¡ d2 Au ¡ d2 Al 

¡ d3 Si02 ¡ d3 Si02 
/ 1 1 / 1 1 1 1 1 1 1 / / I I I / / / /  / / / / / / / / / / / / / / / / / / / ,  

¡ Si ¡191 Si 

a) b) 

Fig. 2. Real (5 component) system 
Optical [data: a. n 1 = 1,33, na = 1,46, ¡ 4 = 4.05--i0.028. Thickness values: d I ~-- 0,5 nm, 

d a = 2 n m ; b . n  1 = 1,6, n 3 = 1,46; d 1 =3,5nm, d a = 3 n m  
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Reflection and transmission effects on a boundary can be described by 
the equation 

E i -- S. Ej (10) 

aeeording to AZZAM [5], denoting by E i and /~! thc eleetric field on the two 
sides of the boundary.  S is the seattering matrix. 

The latter is formed by the produet  of matriees representing the effeets 
of interface and those of the layers 

S ~--- I 0 1 L I I I 2 L 2  �9 �9 �9 Lra I,,~,~+1>" (11) 

The interface matrix for the i/j boundary is: 

Iij = ~ i j [  ~i j 1 i 1 -iijl ] ; (i = j -- 1) (12) 

denoting by ~ii the transmission coefficient, and by rij the reflection coefficient. 
The layer matrix for the j - th  layer is 

Li = [ e;~ 0 ]  0 e~~ ' (13) 

with 

3j = 2zt d . . ¡  
20 J 

the  phase shift of incident light traversing the layer where )~0 is the wavelength 
of incident light and 7pi is the complex angle of refraction. 

The scattering mat l ix  for an arbitrary number  of layers is 

SlO 
S = [  $11[$21 $2il .  (14) 

The fundamental  equation of ellipsometry becomes: 

7 =-F~P = S'21p Sll" (15) 
rn  S l l p  321n 

For onr idealized (3 component) system (Fig. 1) 

S = 10l L1 I12 (16) 

and for the realistic (5 component) system 

S = I01 LI I12 L2 I23 La I34 �9 (17) 

Acta Physic~t Academiae Scientiarum Hungaricae 49, 1980 



ELLIPSOMETRIC STUDY 163 

Ah A L G O L  p r o g r a m  was developed,  sui table  for comput ing  the  thick- 
ness and re f rac t ive  index of  the absorb ing  th in  fi lm, t ak ing  into  considerat ion 
the effects of  surface oxide fi lm and the  interface.  

3. Exper imenta l  work  

Expe r imen t s  were carried out  on Au and Al films, e v a p o r a t e d  on Si sub- 
s t ra te  (¡ 2 = 4.05 - -  i0.028) and ~ i O  fi lms grown b y  a t h e r m a l  process on 
Ni subs t ra te .  The  va r i a t ion  of the  complex  ref ract ive  index wi th  f i lm thick- 

ness was s tudied.  
Type  p S i ( l l l )  wafers  (Wacker ,  6 o h m  cm) were used. T h e y  were etched 

in 9 8 ~  tt2SO 4 for 10 ruin, rinsed in H20,  dried and annealed  in v a c u u m  
(5.10 -5 Pa)  a t  573 K.  

Au was e,r  f rom a tungs ten  boa t ,  Al f rom a tungs ten  coil, using 

the  following condit ions:  
subs t ra te  t e m p e r a t u r e :  T h ----- 423 K,  
pressure:  p ~- 5.10 -4 Pa,  
deposit ion t a t e :  rAu = 0.4 nm/s ,  

tal = 4 nm/s.  
The rma l  g rowth  of ~ i O  was m a d e  at  a tmospher ic  pressure in an oxidiz- 

ing ~urnace a t  673 K.  The  ?qiO films were grown on polished (mechanical)  and 
e tched ]Ni subs t ra tes  (Vakuumschmelze  t y p e  S), baked  in inert  gas. The  com- 
plex ref rac t ive  index  of the  Y~i subs t r a t e  was de te rmined  on a great  n u m b e r  

of  samples  wi th  the  el l ipsometer :  

¡ 2 = 1.731 - -  i3.26. 

The thickness  of  the NiO f i lm was controlled b y  the oxida t ion  t ime.  
El l ipsometr ic  measu remen t s  were carr ied out  with 2 = 546.1 n m  polar-  

ized light, p roduced  b y  a stabil ized l ight  source. ~o = 70~ was chosen as 
angle of incidence [1], in order to pro~=ide sufficient sensi t iv i ty  for the 69, bR 
and b3 measuremen t s .  Considering the  pr incipal  angles of incidence for Si 
and ~Ni (~psi = 76-13~ ~PNi = 79"9~ V, ~ and R can be de te rmined  wi th  a 

reasonable  accuracy.  
The re f rac t ive  index and ext i=ct ion coefficient of Au vs d f i lm 

thickness  are p resen ted  in Fig. 3, those  of  Al in Fig. 4. Curves n r and k r rep~e- 
sent resuhs  ca]cu]ated b y  the real, n i and k~ those calculated by  the idealized 

layer  model.  
In  the case of  Au thin film, the  deviat ions  be tween nr ar.d n i a te  sigri-  

f icant ,  according to Fig. 3, whereas the  re la t ive  differc~:ces be tween k~ a r d  
ki ate  much  lower. For  Al thin fi]ms, the di f ferf r  ce k r - -  k j  becomes  also sig- 
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n,k 

o o e e  ~ 

10 15 20 d[nm] 25 

Fig. 3. Thickness dependence of the complex refractive index of Au film on Si substrate for 
the idealized [¡ = ni --iki] and realistie [ '~ = nr--ikr] layer models 

n,k 7 

6 

o/u•f'•- o �9 ki 

Ÿ237 �9 

10 20 30 40 d [nm] 

Fig. 4. Thickness dependence of the complex refraetive index of Al film on Si substrate for the 
idealized [¡ ~ ni--iki] and realistic [¡ = nr--ikr] layer models 
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nfficant (Fig. 4). For Au and Al films, it  was found tha t  n r > n i ,  and k r > kt. 
n I and k 1 exhibit a strong thickness dependenee in the 6 < d < 15 nm range. 
Below d < 6 nm anomalies were noticed on our samples and ]ayer systems. 
In this low d range, the application of various approximations (MXXWELT.-- 
GAar~XTT, STaACHA~ and Sivuxazr~) did not  supply reasonab]e resu]ts for 

the equivalent n e, k e, and d e. 

In the studies of the relations between refraetive index and layer strue- 
tute,  the early stages of layer formation before aehieving a eontinuous film, 
have been eheeked by  eleetronmieroseopy (at the Researeh Inst i tute for Teeh- 
nieal Physies of the Hungarian Aeademy of Seienees). 

Unambiguous n I - -d ,  k 1 -  d relations were found on Au for d > 8 nm, 
on Al for d > 6 nm thiekness. Films of d e ~ 4 nm exhibited a granular 
strueture. In the d ~ 4- -6  nm range, island type strueture is eharaeteristie. 
For Au films above d e ~ 7--8 nm, for Al above d e ~ 6--7 nm, the eoales- 
eenee of is]ands is starting. Above 10 nm, the continuous ]ayer strueture Js 
bui]t up. The anoraalies of n I and k a can be explained by these struetural 
transformations, and the big ehanges in the 6 < d < 15 nm range as well. 

The refraetive index and extinetion eoeffieient vs film thiekness of 
NiO ate presented in Fig. 5. Comparing them with results deseribed in [8], 
these values are realistie. Comparing the n r and k r results with data published 
in the literature [6], [7] and taking into eonsideration the eonditions of 
preparation the agreement is good. 
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Fig.  5. Thickness dependenee of the eomplex refractive index of NiO film prepared by thermal 
oxidation of Ni substrate 
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4. Conclusion 

An experimental  and computa t iona l  ellipsometric method was developed 

for determining the refractive index and thickness of  absorbing metal  and 

metal  oxide thin films. The R P D  method proved  to be adequate  for evaporat -  
ed Au and A1 films, and  Ni0  films as well, prepared by  thermal  oxidation.  
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